Insulin concentrations oscillate at a periodicity of 5-15 min per oscillation. These oscillations are due to coordinate insulin secretory bursts, from millions of islets. The generation of common secretory bursts requires strong within-islet and within-pancreas coordination to synchronize the secretory activity from the ␤-cell population. The overall contribution of this pulsatile mechanism dominates and accounts for the majority of insulin release. This review discusses the methods involved in the detection and quantification of periodicities and individual secretory bursts. The mechanism by which overall insulin secretion is regulated through changes in the pulsatile component is discussed for nerves, metabolites, hormones, and drugs. The impaired pulsatile secretion of insulin in type 2 diabetes has resulted in much focus on the impact of the insulin delivery pattern on insulin action, and improved action from oscillatory insulin exposure is demonstrated on liver, muscle, and adipose tissues. Therefore, not only is the dominant regulation of insulin through changes in secretory burst mass and amplitude, but the changes may affect insulin action. Finally, the role of impaired pulsatile release in early type 2 diabetes suggests a predictive value of studies on insulin pulsatility in the development of this disease. Diabetes 51 (Suppl. 1): S245-S254, 2002
I
n 1922, Karen Hansen (1) examined serial measurements of blood glucose concentrations and reported rapid and slower oscillations in the peripheral concentrations of this substrate. Half a century later, rapid oscillations in the peripheral insulin concentrations (2-6) and the islet hormones glucagon (3, 5, 7, 8) and somatostatin (8 -10) were demonstrated. Numerous studies have reported the importance of this release pattern for optimal insulin action (9,11-19,20 -25) , for overall insulin secretion (26 -35) , and for possible development of disease (36 -43) . Studies on pulsatile insulin secretion may therefore be important to appreciate how overall insulin release is regulated and how the underlying mechanisms can impact insulin action. Having established the physiology of pulsatile insulin release processes, this knowledge may be employed to search for defects in disease states, and on a mechanistic basis to evaluate different hypotheses of the etiology of the defects observed at disease.
In addition to the rapid pulsatile insulin release pattern, an ultradian oscillatory pattern has been described (44 -50) and associated with improved insulin action (46,51,52), and, in case of impairment, with type 2 diabetes mellitus (44,45,47,48,50,53) and early type 1 diabetes mellitus (54). Finally, diurnal (meal-related) oscillations are an apparent (55-59) and probably important (44) contributor to the complexity of insulin release that assures normal physiological release to meet the needs of glucose homeostasis.
This review will mainly focus on the rapid oscillatory insulin secretory pattern, and will relate the observations of in vivo pulsatility to the important aspects of oscillatory ␤-cell function reported in vitro. Assessment of pulsatile insulin secretion. The purpose of assessment of pulsatile insulin secretion may differ, and hence the method for analysis may be chosen according to what information is being sought. Secretion is determined from concentrations of either insulin or C-peptide and accurate measurements with minimal noise are therefore crucial. Insulin is secreted into the portal vein circulation and undergoes partial (40 -80%) hepatic extraction before dilution into the systemic insulin pool (60 -63) . In animal models, acutely and chronically implanted portal vein catheters have been used for sampling purposes (31, 64, 65) . Sampling downstream the pancreaticoduodenal vein may increase pulse amplitude to 100 -500% (31, 64) versus 30% in the peripheral circulation. Most human studies will for obvious reasons rely on peripheral sampling. Sampling intensity and duration. Sampling every minute (5,6,9,13,27,28,30 -33,38,39,41,64,66) or every second minute (4, 15, 21, 26, (67) (68) (69) ) for 1-2 h has been used to study the rapid insulin oscillations. Sampling from the portal vein or a peripheral vein for insulin measurements every 30, 60, 120, and 240 s demonstrate a decrease in pulse detection when reducing the sampling intensity from 60 s per sample (31, 64) , and the referenced publications tend to detect fewer pulses when sampling every second is used versus every minute (Table 1) , whereas sampling every 30 s (31, 64) failed to improve pulse detection. The duration of sampling may also interfere with the ability to estimate the characteristics of pulsatile insulin release. Most studies are time and cost consuming, and the ideal sampling duration should be the shortest duration to give reliable data. With deconvolution analysis and pulse detection analysis, 40 -60 min (64) seems to result in good data whereas regularity statistics (autocorrelation [minimum two times pulse interval] and spectral analysis [N Ͼ100]) as well as regularity statistics (approximate entropy: N Ͼ40) improve with increased sampling duration (5, 6, 9, 26, 67) . Insulin versus C-peptide measurements. Insulin and C-peptide are coreleased in a one-to-one molar ratio (75) , but insulin undergoes substantial (40 -80%) and variable (60, 62, 76, 77, 79) hepatic insulin extraction (reviewed in ref. 78) . C-peptide is not cleared by the liver (79) . The hepatic insulin extraction favors the use of C-peptide to calculate the overall insulin secretory rates but the longer half-life of C-peptide (ϳ35 min) (80) versus insulin (5-8 min) (33) favors the use of insulin to examine pulsatility, since the longer half-life of C-peptide will dampen oscillations and decrease signal-to-noise ratio oscillations correspondingly. Assay and biological noise. Sampling and assaying will add noise to the biological signals. During and after sampling, hemolysis may occur, and proteases may degrade insulin in syringe and tube, which is referred to as biological noise. The measurement of the insulin concentration is further subject to assay variability, and a reliable, sensitive, and specific assay is crucial in order to minimize the variability due to measurements. Analytical strategy. The problem with biological time series is often the presence of 1) trends and 2) noise. Trends and subtrends. The purpose of analysis of time series may differ and the analytical strategy should be chosen to address the question being asked. Some statistics require that data must be detrended to avoid the influence of subpatterns usually accounted for by the use of a high-pass filter: first differencing, or analysis of residuals after subtraction of a fitted line employing linear (regression), moving average or other models to fit the data curve. Noise may be filtered by a low-pass filter (i.e., smoothing procedures), where the chosen window lengths and weighing of data points may be important for the outcome. The detrending procedures and smoothing procedures will affect the specific patterns in the data that will be examined, and care should be taken to assure that biological variability (i.e., biological oscillations) is not dismissed due to the smoothing and detrending. Pulse detection. Analysis of peripheral insulin concentrations may give rise to detection of the individual concentration pulses and valleys ("basal concentrations") and, subsequently, mean relative and absolute amplitudes and mean frequency. This detection has been based on predetermined statistical criteria to allow concentration changes to be considered significant, and this approach is the basis of commonly used and well-established methods, such as pulsar (7, 15, 71, 81) and cluster analysis (64, 74, 82) and ULTRA (68, 69, 83) . However, each concentration change per se must pass significance criteria for detection, and relative low amplitude biological signals may not be detected, as may be seen when increased frequency causes overlapping pulses. The methods quantify the secondary concentration events, but not secretion. Periodicity analysis. The frequency of the insulin pulses may be estimated by spectral analysis or autocorrelation analysis that evaluates the concentration time series for regular periodicities. Spectral analysis may be rather robust to noise, since more random data variability will likely not influence the detected periodicity. However, the method, as commonly used, is not directly suitable to quantify the significance of any periodicity with a single value. Autocorrelation analysis examines replicability of patterns and will give frequency of concentration changes, significance for this pattern, and a correlation coefficient. However, these two methods are restricted to evaluate periodicities and do not directly give information on secretion. Lack of significant periodicities does not exclude the presence of a more irregular pulsatile release pattern or preserved regularity with impaired relative amplitude. Regularity statistics. The pulsatile insulin release pattern may also be characterized in further detail to examine the reproducibility of the subordinate patterns in the data set. A validated mathematical approach is application of approximate entropy (41, 84 -86) , which measures the logarithmic likelihood that runs of patterns are reproduced on the next incremental comparison. The method has proven useful in a number of studies on hormonal secretion including growth hormone (87) , luteinizing hormone (LH) (88) , aldosterone (89) , together with cortisol and ACTH (90, 91) , and recently for analysis of pulsatile insulin secretion (41,92) to discriminate pathophysiology versus health. The method is robust to noise and absolute differences in data. Derived values from approximate entropy analysis do not provide information on the variables involved in pulsatile insulin release, i.e., basal secretion, pulse mass, etc. Detection and quantification of pulsatile insulin secretion by deconvolution. Insulin concentration data can be deconvolved to detect and quantify insulin secretory bursts, as described in ref. 93 . Insulin secretion calculated by the use of C-peptide concentrations is more robust to intra-and interindividual variation in kinetic parameters (80) . When performing deconvolution analysis, it is important to adjust basal secretion to allow accommodation of most troughs. Likewise, the secretory burst half duration should be adjusted to fit individual obvious secretory bursts, consisting of series of data points building up to a peak and down to a trough. Using deconvolution (93) involves subjective elements, although defined peaks are tested for significance, and all data analysis must be performed in a blinded manner. The technique requires no assumptions on frequency, amplitude, and stationarity. Contribution of pulsatile insulin release to the overall insulin secretion. Peripheral insulin concentrations oscillate (2-6) due to pulsatile insulin secretion (4), but to appreciate this, the net contribution of the secretory TABLE 1 The impact of sampling site, sampling intensity, species, peptide measured, and analytical strategy on detected pulse frequency First author bursts is important, since time-invariant release may be dominant despite the presence of concentration oscillations. Furthermore, the relation between the in vivo observed secretory bursts and the in vitro observed pulsatile release from the isolated pancreas (8, 9, 73) and the isolated periperfused islets (94, 95) , as well as episodic ␤-cell depolarization (96 -98), ␤-cell glycolysis (97, 99) , and ␤-cell increase in calcium remains to be established (97, 98, 100, 102) . As for the coupling of cyclic metabolism to pulsatile in vitro release, this has been addressed in detail in an excellent review by Tornheim (104) . Mathematical models have been employed to improve understanding of the mechanisms underlying the coordinate pulsatile release (105, 106) . Comparison of exact measures of secretory burst shape, duration, frequency, and secretory process orderliness of in vitro and in vivo insulin secretory bursts may further underline the linkage from intracellular ␤-cell events to large amplitude in vivo pulsatile insulin release. Configuration. The shape of the individual secretory bursts from individual islets and from in vivo secretion are almost superimposable (corrected for amplitude), suggesting that the in vivo pulse is generated by simultaneous secretion from the intrapancreatic islet population, as is evident when comparing the human in vivo (31, 33) and in vitro (97) pulse shape. Frequency. A large variety of frequencies of in vivo pulsatile insulin secretion has been reported, varying from 4 to 15 min per pulse (Table 1) . In contrast, the in vitro frequency from the isolated perfused pancreas has been reported to be 6 -10 min per pulse (7) (8) (9) 42, 107) . Estimates of the latter are not confounded by hepatic insulin extraction, and dilution into the systemic insulin pool and the pulses are thus more easily detectable in this model. Similarly, studies on pancreas-transplanted subjects with shunts from the pancreas to the inferior caval vein show an increase in frequency in pancreas-transplanted subjects versus healthy control subjects (8 vs. 12 min per oscillation) (68) . Finally, the reported frequency of 3-5 min per pulse in the isolated perifused islet (68,97,108 -110) (10 -17 min per pulse in refs. 94, 111, 112) suggests that there is a hierarchy of regulatory mechanisms with the fastest frequency in individual islets (3-5 min), followed by the perfused pancreas (6 -10 min), and finally the in vivo insulin secretion (5-15 min). Studies comparing sampling intensities, sampling sites, and mathematical strategies for the detection of insulin secretory bursts suggest that studies sampling every 2 min may underestimate the frequency, and that analysis of data based on pulses limited by a significant increase and decrease in insulin concentrations in the peripheral circulation will underestimate the frequency of insulin secretory bursts when secretory bursts tend to overlap (15, 21, 26, 69, 72) . Portal vein sampling in dogs (30, 64) and humans (66) reveals a frequency of ϳ6 min per pulse, which may be detected using better assays to analyze frequently sampled peripheral plasma (33) . Overall contribution. In order to assess the contribution of pulsatile to overall insulin secretion, it is necessary to measure or calculate the pulsatile and time-invariant components of insulin secretion rates. Inserting catheters into the portal vein up-and downstream to the pancreaticoduodenal vein(s) in dogs has been used to directly measure cross-pancreatic insulin changes (insulin secretion), and pulse detection analysis reveals that at least 70% of all insulin is released during distinct punctuated insulin secretory bursts (64) , which is independently confirmed by deconvolution of portal vein data (64) . The similarities of portal vein insulin concentration oscillations in dogs (30, 64) and humans (66) suggest a similar contribution in humans. Patients with liver cirrhosis have similar pulsatile insulin release patterns based upon human portal vein sampling (unpublished data). A similar resolution from deconvolution of peripheral insulin concentration time series into mainly high-frequency insulin secretory bursts is reported (33) using new insulin assays. It therefore appears that, in vivo, insulin secretion arises from punctuate (probably Gaussian distributed) interislet coordinate high frequency (ϳ5-8 min/pulse) series of secretory bursts that dominate the overall insulin release. The similarity to in vitro secretory patterns indicates that the pattern observed in vivo is a summation of islet activity reported in vitro. The neuronal control of in vivo pulsatile insulin secretion. As can be seen from the above data, coordination is needed among the islets to permit the release from ϳ1 million islets scattered throughout the pancreas to appear as common bursts. The observation of in vivo pulses implies that most ␤-cells secrete in pulses and at the same time. In vitro studies on individual ␤-cells show that they secrete in pulses (102) and that the pulsatile release pattern is probably linked to cyclic glycolysis (99), with cyclic generation of lactate (18), cyclic oxygen consumption (97), resulting in ␤-cell depolarization via ATPdependent potassium channels, causing influx of calcium and subsequently (ATP-dependent) exocytosis (rev. in refs. 104, 113) . Thus, the necessary mechanisms for the pulsatile release is within the individual ␤-cells (104, 114) , and the ability to act as pacemaker resides within the ␤-cell (109). A single islet consists of hundreds to a few thousand individual ␤-cells, along with ␣-cells and ␦-cells. This cell population has also a common and coordinate pulsatile release pattern of insulin (94, 97, 111, 115) , and therefore intra-islet coordination of release from the individual ␤-cells must occur. This coordination may be through electrophysiological coupling among ␤-cells as demonstrated in ref. 116 , and studies on intracellular calcium reveal that, following increase in intracellular calcium in a ␤-cell, an intra-islet spreading of the calcium influx is observed (98, 117, 118) . The observation that insulin secretion from the isolated perfused pancreas is pulsatile has led to the hypothesis of an intrapancreatic pacemaker (8) that initiates the secretory pulses, probably via an extensive intrapancreatic neuronal network.
A coordinating role of ganglionic nicotinic receptors has been postulated from studies on the isolated perfused pancreas with nerve blockers (hexamethonium, ␣-bungarotoxin, or curarine) (119) . Preserved pulsatile insulin secretion after pancreas transplantation (at increased frequency) supports this hypothesis (68), whereas cholinergic, ␣-adrenergic, and ␤-adrenergic blocking agents did not perturb the detected periodicity in humans (120) or in monkeys (66) .
Transplantation of islets into the liver results in re-innervation of islets after 4 -14 weeks (121, 122) , and the release pattern from islets dispersed throughout the liver has been studied at different times along the time-course of re-innervation (29), at 2, 7, 28, and 200 days posttransplantation. There was no coordinate release at 2 and 7 days, whereas, along with starting re-innervation at 28 days, two of five livers released insulin as coordinate pulses. In contrast, when re-innervation was fully established, 14 of 14 livers released insulin as common coordinate insulin secretory bursts (29) , indicating that innervation is a possible mechanism for intra-islet coordination. In addition, the overall insulin secretion may be regulated by nerve blockers (67, 120) and neurotransmitters as galanine (123) , epinephrine (124, 125) , GABA (126), dopamine (127), as well as nitric oxide activity (128) , and, since overall insulin release is pulsatile, the impact of these agents is probably involved in the regulation of pulses, although this has not yet been studied in detail. Metabolic control of in vivo pulsatile insulin secretion. In vitro studies suggest an increase in secretory burst mass by glucose with no impact on the secretory burst frequency (108, 109) . Cyclic ␤-cell glycolysis involves a positive feedback stimulation of phosphofructokinase by its product, fructose-1,6-biphosphate, as reviewed in ref. 104 , and impaired pulsatile secretion in phosphofructokinase-deficient subjects is reported (129) . In dogs (30) , the frequency of the insulin secretory burst has been reported to increase with hyperglycemia (7-8 min/pulse to ϳ5 min/pulse), along with a much more pronounced increase in the secretory burst mass, whereas similar frequencies and a marked increase in amplitude have been reported after meal ingestion (74) . The increase in frequency in vivo from 7-8 min/pulse at basal state to 4 -5 min/pulse at hyperglycemia observed by us versus similar frequencies at different levels of hyperglycemia (ϳ4 min/pulse) observed in vitro could be due to an in vivo operating system dampening basal frequency to every 7-8 min per pulse, allowing the interval to shorten to every 4 -5 min at hyperglycemia. If this frequency dampening operating system is not present in vitro, this would explain the difference in frequency generally reported when comparing in vivo to in vitro release of insulin. A classic feedback loop involving glucose and insulin may be involved in the generation of normal in vivo pulsatile insulin secretion. Studies on entrainment of the ultradian insulin release pattern show that oscillatory glucose infusion may entrain oscillatory insulin release (52). In vitro studies on rapid entrainment show that even the rapid pulsatile insulin secretion may be induced by a rapid oscillatory glucose infusion in the isolated perfused rat pancreas (42) and in the isolated rat islets (94) . In vivo, a similar ability of punctuate glucose infusions to control pulsatile insulin secretion has been reported (130, 131) . Studies using square wave infusions of modest doses of glucose (6 mg/kg/min over 1 min) may induce a very pronounced pulsatile insulin release, with little or no breakthrough insulin release, so that the release process is entirely controlled by these rather small changes in circulating glucose concentrations (ϳ0.3 mmol/l). Furthermore, changes in frequency of the glucose induction control the frequency between 7 and 12 min per pulse (131) . This seems contradictory to the hypothesis of a pacemaker control that initiates the pulses, but it is possible that a specialized neuronal pacemaker is under the influence of glucose changes.
In addition to glucose, amino acids and fatty acids are important for both insulin secretion and overall fuel homeostasis. The impact of amino acids on insulin pulsatility has not been studied. Free fatty acids are known to stimulate insulin secretion in vitro following short-term exposure, but also to inhibit glucose-stimulated insulin release after long-term exposure (132) . Free fatty acids influence the release of insulin related to its oxidation, but also serve a role as metabolic coupling factor (together with malonyl-CoA) for regulation of glucose-stimulated insulin release (133, 134) .
The pulsatile secretory pattern was preserved in obesity (with elevated free fatty acids), with similar relative amplitude of insulin oscillations (135) , although a relationship between waist-hip ratio and frequency of pulsatile insulin secretion suggests a role for the pulse frequency for insulin action (21) . Recent data on pulsatile insulin release in type 2 diabetic versus in healthy control subjects linked the orderliness of the release pattern estimated by approximate entropy to the concentration of free fatty acids, and in both healthy subjects and type 2 diabetic individuals, the release orderliness correlated positively with the concentrations of free fatty acids (23) . This, together with the data in fasting and obesity mentioned above, strongly suggest that lipotoxicity is not a mechanism for impaired pulsatile release of insulin repeatedly reported in type 2 diabetes, but may even suggest a role for free fatty acids to improve the pulsatile release pattern, possibly through enhanced sensitivity to oscillating glucose concentrations. Recent data suggest that free fatty acids also exhibit an oscillatory pattern in humans (136) . Hormonal control of in vivo pulsatile insulin secretion. The pulsatile pattern of release seems important not only for insulin but also for the pituitary (93, 137, 138) , adrenal (139) , and parathyroid (140) hormones, for glucagon-like peptide-1 (GLP-1) (141), leptin (142) , and other islet hormones (3, 5, 8, 9, 143) . Numerous hormones are important in controlling the overall release of insulin. The colocalization of the somatostatin-secreting ␦-cells within the population of insulin-secreting cells may enable a paracrine influence on the insulin release. The mechanism by which somatostatin inhibits insulin secretion is through the amount of insulin released per secretory burst, leading to reduced insulin pulses in the portal vein (32) . The latter seems to be important for the relative extraction of insulin in the liver, which likely reflects the binding of insulin to its receptors, since a linear relationship of insulin amplitude to hepatic insulin extraction was observed (32) . In contrast, somatostatin has no impact on the frequency of secretory bursts, either at basal or postprandial conditions (32) . Like somatostatin, GLP-1 is a gut hormone secreted upon luminal stimuli and acting on ␤-cells to regulate the prandial insulin profile. It is considered an important and potent secretagogue that (as an analogue) could be a future therapeutic agent for the treatment of type 2 diabetes. GLP-1 causes amplification of the insulin secretory burst mass, whereas frequency and orderliness of the secretory process is not affected (27) . This is in line with the expected actions of a hormone that sensitizes to prevailing glucose concentrations and is of importance for a possible therapeutic agent, since deterioration of the secretory process by induction of disorderliness or impairment of the pulsatility would impact negatively on ␤-cell performance. Of possible therapeutic importance is the demonstration of preserved action in type 2 diabetes with amplification of the insulin secretory burst mass at constant low-dose infusion of GLP-1 (144) . The pituitary-islet interaction is represented by insulin-like growth factor-1 (IGF-1) with the presence of IGF-1 receptors on ␤-cells. In humans, IGF-1 is shown to act on insulin secretion via inhibition of the secretory burst mass, and with no impact on secretory burst frequency (28) , which is analogous to the effects of IGF-1 on pulsatile secretion of growth hormone (137) . Impact of drugs on insulin pulsatility. Since pulsatile secretion may be important for both the action of insulin and for appropriate ␤-cell function, the impact of sulfonylurea on the secretory pattern is important. In humans, an amplification of peripheral insulin oscillations with no change in frequency has been reported (120) , and, in dogs, tolbutamide infusion results in a massive amplification of secretory burst mass with no effects on frequency or basal secretion and with no deterioration of the pulsatile pattern (34) . This seems important, since a deterioration of the physiological release process is undesirable for a therapeutic agent for type 2 diabetes. It is also of note that drugs that exert actions directly on the ATP-dependent potassium channels, whereby the glycolytic steps involved in pulsatile secretion are bypassed, do not seem to impair the coordination of secretion from ϳ1 million intrapancreatically dispersed islets. The preserved or improved pulsatile secretion during tolbutamide infusion strongly suggests that the in vivo coordinating mechanisms are strong and override the stimulus on individual islets. Similar effects are observed for the nonsulfonylurea secretagogue repaglinide (145) , as is seen during GLP-1 infusion in type 2 diabetic individuals, suggesting therapeutic options for improving defects in pulsatile insulin release in type 2 diabetes.
Other oral antidiabetic drugs act as insulin sensitizers to reduce the insulin requirements and to improve metabolic control. Ultradian pulses are shown to improve in type 2 diabetic subjects treated with the glucose sensitizer troglitazone (146) . Furthermore, in vitro studies on entrainment of rapid pulsatile secretion from pancreata of Zucker diabetic fatty rats clearly demonstrate improved responsiveness of the ␤-cells to the glucose oscillations in rats treated with pioglitazone (43), thus indicating a role for persistent increased demand on ␤-cell performance in the development of pulsatile release defects. Pulsatile insulin release in diabetes and prediabetes. In type 2 diabetes mellitus, the secretion of insulin is impaired, which, together with insulin resistance, characterizes the metabolic derangement of the disease. The defective release of insulin involves decreased diurnal oscillations (55), impaired ultradian oscillations (50), and reduced entrainment of ultradian oscillations (46). In 1981, an impairment of the rapid pulsatile secretion was demonstrated in type 2 diabetic subjects (38) , resulting in much focus on the possible role of insulin oscillations on insulin action, but also on possible primary defects in ␤-cell activity to cause type 2 diabetes. The latter was supported by the observation of defective oscillatory insulin release in first-degree relatives of type 2 diabetic subjects with impaired glucose tolerance (39). Nevertheless, secretory dysfunction in both type 2 diabetes and glucose intolerance may be secondary to the glucose toxicity. Therefore, the presence of increased nonstationarity and disorderliness of rapid pulsatile insulin secretion in glucose-tolerant first-degree relatives of type 2 diabetic subjects is further suggestive of a primary defect in insulin secretion in type 2 diabetes (41). This is paralleled by impaired entrainment of ultradian oscillations in women with polycystic ovary syndrome and with (but not without) a family history of type 2 diabetes (45). It seems likely that early secretory defects should manifest themselves in the complex cascade of metabolic events that is involved in pulsatile secretion. To detect early defects, a test that examines for subtle impairment seems necessary, in contrast to the intravenous glucose tolerance test that evaluates the response to a sudden rise in glucose from ϳ5 to ϳ25 mmol/l glucose. Examining for pulsatile secretion has so far proved better at detecting ␤-cell dysfunction in metabolically normal but predisposed individuals compared with traditional, more crude tests for ␤-cell function, as in ref. 41 , where different tests were applied to examine ␤-cell function in glucose-tolerant genetically predisposed healthy subjects. Increased disorderliness of insulin release accompanied by attenuated secretory burst mass is observed in older individuals, linking aging to ␤-cell dysfunction, and maybe suggesting that the defects that occurs in type 2 diabetes could be linked to aging effects (147, 148) .
The use of minimal repeated glucose infusions to test for the ability to adapt pulsatile insulin secretion to periodical trivial glucose excursions has proven to markedly improve the ability to separate the pathophysiological pulsatile release of insulin in type 2 diabetic individuals versus physiology in matched control subjects assessed by autocorrelation analysis, spectral analysis, and approximate entropy (149) and by spectral analysis (130) . This supports the use of more refined methods as entrainment or pulse induction when examining for the predictive value of apparent ␤-cell dysfunction versus insulin resistance for the development of type 2 diabetes mellitus in (genetically) predisposed individuals. Defects in insulin secretion observed in conditions with known decreased ␤-cell mass (150, 151) are important in order to provide a linkage between islet mass, secretory capacity, and physiological pulsatile release patterns.
CONCLUSIONS
The detection of high-frequency insulin oscillations correspond to serial secretory insulin bursts. These bursts are the dominant mechanism for insulin secretion at basal states, and the release of insulin is regulated through changes in frequency and/or mass of these secretory bursts. The detected pattern is similar to release from the isolated pancreas and isolated islets and to metabolic events in individual ␤-cells. The mechanism governing the coordination of in vivo pulsatile insulin secretion from 1 million islets scattered throughout the pancreas is be-lieved to be neurogenic, due to preserved pulsatility in the isolated perfused pancreas. However, the presence of glucose oscillations preceding insulin oscillations indicate that glucose may control the pulsatile pattern in vivo, supported by entrainment of oscillatory insulin secretion in islets, the isolated perfused pancreas, and in vivo by episodic glucose infusions.
The importance of the release pattern in regulating physiological insulin secretory patterns is paralleled by a probably important role of impaired pulsatile secretory pattern in developing type 2 diabetes, either as a very early marker of ␤-cell dysfunction or maybe even as an etiologically inherited ␤-cell defect. The mechanisms for development of pathophysiological pulsatile insulin secretory patterns of type 2 diabetes may yield insight into the causes of the ␤-cell secretory dysfunction of the disease, including whether these characteristics may develop as a consequence of the overworked ␤-cell, metabolic derangements, or whether they represent genetically inherited defects of ␤-cell function. 
